Background-3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (statins) have effects that extend beyond cholesterol reduction. We used an angiotensin (Ang) II-dependent model to test the hypothesis that cerivastatin ameliorates cardiac injury. Methods and Results-We treated rats transgenic for human renin and angiotensinogen (dTGR) chronically from weeks 4 to 7 with cerivastatin (0.5 mg/kg by gavage). We used immunohistochemistry, electrophoretic mobility shift assays, and reverse transcription-polymerase chain reaction techniques. Compared with control dTGR, dTGR treated with cerivastatin had reduced mortality, blood pressure, cardiac hypertrophy, macrophage infiltration, and collagen I, laminin, and fibronectin deposition. Basic fibroblast growth factor mRNA and protein expression were markedly reduced, as was interleukin-6 expression. The transcription factors NF-B and AP-1 were substantially less activated, although plasma cholesterol was not decreased. Conclusions-These results suggest that statins ameliorate Ang II-induced hypertension, cardiac hypertrophy, fibrosis, and remodeling independently of cholesterol reduction. Although the clinical significance remains uncertain, the results suggest that statins interfere with Ang II-induced signaling and transcription factor activation, thereby ameliorating end-organ damage. (Circulation. 2001;104:576-581.) 
S tatins (3-hydroxy-3-methylglutaryl coenzyme A [HMG-
CoA] reductase inhibitors) are effective in preventing acute coronary events; however, careful analysis suggests that the benefits of statins cannot be fully explained on the basis of cholesterol reduction alone. Clinical and laboratory observations have shown an inhibition of vascular smooth muscle cell (VSMC) proliferation by statins that is independent of LDL cholesterol levels. Such an effect might be expected, because inhibition of isoprenoid formation, precursors of sterol synthesis, is important in altering the processing of signaling proteins that require lipidation, such as Ras. 1 In a patient study, Nickenig et al 2 recently showed that statin treatment effectively reduced angiotensin (Ang) II type 1 (AT1) receptor density and decreased the blood pressureelevating effects of Ang II. They suggested that this effect might explain some of the cholesterol-independent statin effects. We have studied a double transgenic rat (dTGR) model of Ang II-induced end-organ damage. 3 The rats harbor the human renin and angiotensinogen genes. dTGR display severe cardiac and renal inflammatory injury and die at Ϸ7 weeks of age if untreated. We used this model to test the hypothesis that HMG Co-A reductase inhibition might exert cholesterol-independent protective effects on the heart.
Methods

Study Design
Experiments were conducted in 4-week-old male dTGR and agematched Sprague-Dawley (SD) rats. The dTGR line and characteristics were described elsewhere. 4 All procedures were done according to guidelines from the American Physiological Society and were approved by local authorities. The statin dTGR group (nϭ15) received cerivastatin for 3 weeks by gavage once a day (0.5 mg/kg). Control dTGR (nϭ20) and SD rats (nϭ15) received vehicle. This dose, on a weight basis, is much higher than the human dose, although the pharmacokinetic area under the curve and peak plasma levels are similar in both species. 5 Statins do not lower serum cholesterol in rats because of compensatory increases in hepatic enzyme production. Nevertheless, the enzyme is effectively inhibited in the liver and elsewhere. 6 Cholesterol was measured in plasma by an automated method. Systolic blood pressure was measured at weeks 5, 6, and 7 by the tail-cuff method under light ether anesthesia. Rats were killed at 7 weeks of age. The hearts were washed with ice-cold saline, blotted dry, and weighed. For Western blot and nuclear factor-B (NF-B) analysis, the tissues were snap-frozen in liquid nitrogen for immunohistochemistry in isopentane (Ϫ35°C) and stored at Ϫ80°C.
Immunohistochemistry
Immunohistochemistry (APAAP technique) was performed as described previously. 3, 4 Antibodies were purchased against monocytes/ macrophages (ED1, Serotec), lymphocytes (CD4 and CD8, PharMingen), NF-B subunit p65 (Roche Boehringer), interleukin (IL)-6 (R&D Systems), c-fos, and basic fibroblast growth factor (bFGF, Santa Cruz Biotechnology, Inc). For immunofluorescence, ice-cold acetone-fixed cryosections (6 m) were air-dried and immersed in TBS (0.05 mol/L Tris buffer, 0.15 mol/L NaCl, pH 7.6). All incubations were performed in a humid chamber at room temperature. At first, the sections were incubated in 10% normal donkey serum (Diavova) for 30 minutes to block any nonspecific binding. The sections were incubated for 60 minutes with the primary antibodies. After being washed with TBS, the sections were incubated with Cy3-conjugated secondary antibodies (donkey antimouse IgG-Cy3, donkey anti-rabbit IgG-Cy3, or donkey anti-goat IgG-Cy3, Dianova) for 60 minutes. After a final washing with TBS, slides were mounted in Vectashield mounting medium (Vector Laboratories). In controls, in which a primary antibody was substituted for by isotype control antibody CBL 600 mouse IgG1-negative control (Cymbus Biotechnology) at the same final concentration, no specific immunolabeling was observed. The nonspecific binding of secondary antibodies was excluded by omission of the primary antibody. Preparations were examined under a Zeiss Axioplan-2 microscope and photographed with a color reversal film Agfa CTX 100. Semiquantitative scoring of ED1-, CD4-, and CD8-positive cells in the heart was performed with a computerized cell count program (KS 300 3.0, Zeiss). Fifteen different areas of each heart sample (nϭ5 in all groups) were analyzed. The hearts were examined without knowledge of the rats' identity. Collagen, fibronectin, laminin, c-fos, and p65 were assessed semiquantitatively by 2 different observers without knowledge of the rats' identity. The data are expressed in arbitrary units (0 to 5) based on the staining intensity.
Electrophoretic Mobility Shift Assay and TaqMan Analyses
Tissue extracts and electrophoretic mobility shift assay (EMSA) for NF-B and AP-1 were performed thrice. Densitometry quantification values (NIH Image Program, version 1.61) are given in percent of untreated dTGR. Nuclear extracts of the left ventricle (10 g) were incubated in binding reaction medium with 0.5 ng of 32 P-dATP end-labeled oligonucleotide containing the NF-B binding site from the major histocompatibility complex enhancer (H2K, 5Ј-GATCCAGGGCTGGGGATTCCCCATCTCCACAGG). For AP-1, double-stranded oligonucleotides containing the consensus sequence for AP-1 (Santa Cruz Biotechnology, 5Ј-GAT CGA ACT GAC CGC CCG CCG CCC GT-3Ј) were radiolabeled with ␥-32 P with the use of T4 polynucleotide kinase by standard methods and purified over a column. The DNA-protein complexes were analyzed on a 5% polyacrylamide gel 0.5% Tris buffer, dried, and autoradiographed. In competition assays, 50 ng of unlabeled H2K or AP-1 oligonucleotides was used. 4 Primers were synthesized by Biotez (Berlin-Buch) with sequences described previously. 4 Real-time quantitative reverse transcriptionpolymerase chain reaction (RT-PCR) was performed with the Taq-Man system (Prism 7700 Sequence Detection System, PE Biosystems). For quantification of gene expression, the target sequence was normalized in relation to the expressed housekeeping gene GAPDH.
Statistical Analysis
Data are presented as meanϮSEM. Statistically significant differences in mean values were tested by ANOVA, except for differences in blood pressure, which were tested by repeated-measures ANOVA and the Scheffé test. A value of PϽ0.05 was considered statistically significant. Data were analyzed with StatView statistical software.
Results
Nine of 20 dTGR died before the end of week 7; the mortality rate was 45%. In contrast, mortality in the cerivastatin group was 20%, and no SD rats died (PϽ0.001; Figure 1A ). Cerivastatin treatment reduced the heart weight (PϽ0.05; Figure 1B ). In contrast, body weight of the 3 groups was not different. Heart weights corrected for body weight were 5.9Ϯ0.23 versus 5.0Ϯ0.11 versus 3.6Ϯ0.05 mg/g for dTGR, dTGR treated with cerivastatin, and SD rats, respectively. Plasma cholesterol levels in untreated dTGR were 2.84Ϯ0.21 mmol/L compared with 2.52Ϯ0.32 mmol/L in cerivastatin-treated dTGR ( Figure 1C ). However, nontransgenic rats tended to lower levels (2.34Ϯ0.12 mmol/L). Differences between the 3 groups were not statistically significant (Pϭ0.7). Systolic blood pressure of cerivastatintreated rats was significantly decreased (54 mm Hg) compared with untreated dTGR (147Ϯ14 versus 201Ϯ06 mm Hg, PϽ0.001) at week 7. The dTGR showed a progressive increase in systolic blood pressure from 5 to 7 weeks. However, the blood pressure of cerivastatin-treated rats was significantly elevated compared with SD rats (147Ϯ14 versus 109Ϯ02 mm Hg, PϽ0.001). dTGR small vessels showed increased intimal and medial thickness. dTGR myocardial sections showed hemorrhage, patchy areas of necrosis, and interstitial fibrosis, whereas cerivastatin ameliorated the cardiac damage (data not shown).
Cerivastatin treatment reduced extracellular matrix. The hearts were stained for collagen I (Figure 2) , fibronectin, and laminin (data not shown). Collagen I and fibronectin were most prominently deposited around blood vessels, in the vascular adventitia, and focally around fibrotic scarred areas. Fibronectin was also deposited in the neointima of remodeled vessels. Laminin was localized primarily between cardiomyocytes (data not shown). All 3 interstitial deposits were substantially reduced in the cerivastatin group.
EMSA from 3 animals in each group showed increased NF-B ( Figure 3A ) and AP-1 ( Figure 4A ) activation in dTGR, which was reduced by cerivastatin to SD levels. Competition with unlabeled oligonucleotide and supershift Figure 1 . A, Kaplan-Meier survival analysis in dTGR, dTGR receiving cerivastatin (CERI), and SD rats. By week 7, half of untreated dTGR were dead. In contrast, cerivastatin reduced mortality. No controls died before end of study. B, Cerivastatin also significantly reduced cardiac hypertrophy, expressed as ratio of heart weight to body weight, compared with untreated dTGR. However, cardiac hypertrophy of cerivastatin-treated dTGR was higher than in SD rats. C, Plasma cholesterol levels did not differ significantly between groups. Cerivastatin treatment did not lower plasma cholesterol levels (Pϭ0.7).
experiments revealed specificity of the increased DNA binding activity for NF-B and AP-1 ( Figures 3B, 3C , 4B, and 4C, respectively). A single-base-pair mutant oligonucleotide for NF-B and AP-1 showed no binding differences, indicating the specificity of the assay ( Figures 3D and 4D , respectively). Quantification of NF-B and AP-1 binding activity and mutants showed that cerivastatin reduced binding by 65% and 75%, respectively ( Figures 3E and 4E) . mRNA expression of c-fos ( Figure 4F) , an important member of the AP-1 complex that was increased in dTGR, was reduced by cerivastatin. Reduced DNA binding activity for AP-1 and NF-B in response to cerivastatin treatment was confirmed by immunohistochemical expression of activated p65 ( Figure  3F ), the member of the NF-B family with the strongest transactivation potential, and c-fos ( Figure 4G ). Both transcription factors showed weak staining in SD animals; however, in dTGR, intense red staining of the vessel and perivascular region was visible. Cerivastatin reduced p65 expression and c-fos toward SD levels.
Untreated dTGR showed markedly increased expression of IL-6 ( Figure 5A ) and bFGF ( Figure 5B ) in the media of cardiac vessels, which was reduced by cerivastatin treatment. bFGF and IL-6 were also present in the perivascular space and between myofibrils. With cerivastatin treatment, staining for both substances was reduced (data not shown). Immunofluorescence data were confirmed by semiquantitative RT-PCR TaqMan RNA analyses for IL-6 and bFGF. bFGF and IL-6 were markedly increased in the hearts of dTGR. Cerivastatin reduced both factors close to control SD levels.
We then investigated the effect of cerivastatin on cell infiltration. Staining for the macrophage marker ED1 in dTGR hearts was substantially increased around the small vessel and between cardiac muscle fibers ( Figure 6A ). Staining was performed in at least 5 hearts from each group, and a semiquantitative assessment for ED1 and the lymphocyte markers CD4 and CD8 was done for statistical analysis ( Figure 6B ). Semiquantitative analysis showed that cerivastatin reduced ED1-, CD4-, and CD8-positive cells significantly compared with untreated controls, although not to levels observed in SD rats. Cerivastatin had a more pronounced effect on reduction of ED1-positive and CD8positive cells. The effect on CD4-positive cells was weaker; however, the reduction was significant for all 3 parameters (PϽ0.05).
Discussion
We relied on a dTGR model of high Ang II-induced hypertension and end-organ damage to show that cerivastatin treatment reduces mortality, blood pressure, left ventricular hypertrophy, fibrosis (collagen I, fibronectin, and laminin deposition), and macrophage infiltration. Furthermore, bFGF expression was markedly reduced by cerivastatin, as was expression of IL-6. These results were accompanied by a marked reduction in NF-B and AP-1 activation compared with dTGR controls. We do not believe that our results were related primarily to a cerivastatin-induced reduction of blood pressure, although we cannot rule out blood pressure-related effects. Statins regularly lower blood pressure in rodent hypertension models and have been shown to be effective in a randomized, double-blind crossover trial in humans. 7 In a previous study, 3 we compared blood pressure reduction with a human renin inhibitor to hydralazine, reserpine, and hydrochlorothiazide and found that triple therapy-treated dTGR nevertheless developed severe heart and kidney damage in the face of blood pressure reduction. Although cerivastatin treatment reduced inflammation, cytokine expression, AP-1 and NF-B activity, and blood pressure, the reduction in cardiac hypertrophy was significant but incomplete. In a previous aortic banding study, 8 a statin reduced cardiac hypertrophy in a manner similar to the effects reported here; however, an ACE inhibitor was more effective. Similar results were observed in an in vitro study of cardiomyocytes. 9 The cerivastatin-related effects, as in the present study, were independent of cholesterol reduction. We have also made similar observations in this same model in terms of nephroprotection from Ang II-related injury. 10 In that study, we found that cerivastatin inhibited extracellular-regulated kinase activation in the kidney.
We observed increased collagen I, fibronectin, and laminin deposition in dTGR hearts that was ameliorated by statin treatment. Collagen I is regulated by Ras and AP-1. 11 Ang II has been shown to activate the collagen I gene in transgenic mice, an effect that was blocked by losartan, raising the possibility that Ang II might directly initiate the process of organ fibrosis. 12 Previous work has demonstrated that Ang II stimulates collagen protein synthesis in cardiac myofibroblasts in vitro and increases collagen I mRNA expression in rat hearts in vivo. 13 Figure 4 . A, EMSA showing AP-1 DNA binding activity. DNA binding was increased in dTGR and reduced with cerivastatin (CERI). Specific bands and nonspecific bands (us) are indicated. B, Competition with unlabeled AP-1 oligonucleotides resulted in disappearance of specific bands. C, Specific antibodies to c-fos resulted in supershift, but addition of control antibodies to Stat-1 did not. Also shown are results of single-base-pair mutation (mut) in AP-1 oligonucleotides, which resulted in similar binding activity for all 3 groups (D). E, Quantification of AP-1 and mutated AP-1 DNA binding activity. F, c-fos mRNA expression substantiated AP-1 results. Immunohistochemistry shows increased expression of c-fos in dTGR that was markedly reduced by cerivastatin (G). c-fos staining was prominent in vessel wall, perivascular area, and between myofibrils. Cardiac hypertrophy and heart failure both feature hypertrophy of cardiomyocytes, hyperplasia of nonmyocyte cells, extracellular matrix deposition, fibrosis, vessel remodeling, cytokine activation, and inflammation. bFGF has been implicated in the pathogenesis of hypertrophy. Schultz et al 14 studied a mouse with a disrupted bFGF gene. These mice developed less hypertrophy after aortic banding than wildtype mice. Paced cardiomyocytes exposed to antibodies directed at bFGF showed less hypertrophy than control cells in an in vitro study. 15 bFGF was found to mediate VSMC hypertrophy, leading to vessel wall remodeling in response to Ang II treatment. 16 IL-6 is important in heart failure and arteriosclerosis. In the present study, bFGF and IL-6 expression were both markedly increased in the hearts of dTGR but were reduced by cerivastatin. Interestingly, the genes for both contain NF-B and AP-1 transcription factor regulatory elements. bFGF may have been responsible in part for the increased IL-6 production. Kozawa et al 17 demonstrated that bFGF induces IL-6 synthesis in osteoblasts and that this process is autoregulated by protein kinase C. On the other hand, IL-6 can also upregulate bFGF. The reciprocal interaction between these components is regulated by AP-1. 18 dTGR featured both inflammation and fibrosis in the heart. The presence of inflammatory cells in hypertrophied hearts is well recognized. Nicoletti and Michel 19 showed that bFGF is released by inflammatory cells, thereby mediating hypertrophy and fibrosis.
The mechanisms of the statin-related protection are unknown but may involve G proteins involved in receptorcoupled signal transduction, particularly Rho. 19 The Rho proteins belong to the Ras superfamily. The Ras proteins alternate between an inactivated GDP-bound form and an activated GTP-bound form, allowing them to act as molecular switches for growth and differentiation signals. Prenylation is a process involving the binding of hydrophobic isoprenoid groups consisting of farnesyl or geranylgeranyl residues to the carboxy-terminal region of the Ras protein superfamily. Farnesyl pyrophosphate and geranylgeranyl pyrophosphate are metabolic products of mevalonate that are able to supply prenyl groups. The prenylation is conducted by prenyl transferases. The hydrophobic prenyl groups are necessary to anchor the Ras superfamily proteins to intracellular membranes so that they can be translocated to the plasma membrane. 20 The final cell membrane fixation is necessary for Ras proteins to participate in their specific interactions. Several groups have presented evidence supporting such a statin-induced mechanism. For instance, Bourcier and Libby 21 recently showed that a statin reduced plasminogen activator inhibitor-1 expression by VSMC and endothelial cells. Their study also implicated geranylgeranyl-modified intermediates and exonerated farnesyl pyrophosphate. Furthermore, Laufs and Liao 22 demonstrated that Rho negatively regulates endothelial nitric oxide synthase expression and that statins upregulate endothelial nitric oxide synthase expression by blocking Rho geranylgeranylation, which is necessary for its membrane-associated activity.
Statins decrease the production of mevalonate, geranyl pyrophosphate, farnesyl pyrophosphate, and subsequent products on the way to construction of the cholesterol molecule. Thus, statins could act independently of circulating LDL by intracellularly interfering with Ras superfamily protein function. Ikeda et al 23 recently showed that statins decrease matrix metalloproteinase-1 expression through inhibition of Rho. In cultured VSMCs, HMG-CoA reductase inhibition diminished collagen I, thrombospondin, and fibronectin synthesis. 24 Similarly, HMG-CoA reductase inhibitors interfered with surface adhesion molecule expression by macrophages, leading to monocyte-endothelium adhesion inhibition. 25 Conceivably, the effects could also be related to a cholesterol-independent decreased AT1 receptor expression in response to statin treatment. 2 Kureishi et al 26 recently showed that statins are capable of activating the Akt kinase and promote angiogenesis in normocholesterolemic rats. They found that simvastatin enhanced phosphorylation of the endogenous Akt substrate endothelial nitric oxide synthase, inhibited apoptosis, and accelerated blood vessel formation. Their observations suggest that Akt may represent a mechanism by which noncholesterol-related effects of statins may occur. Akt also activates NF-B, in addition to a host of other transcription factors, to brake apoptosis. 27 We would speculate that in our Ang II-related model, Akt would be activated by Ang II to participate in NF-B activation. However, that hypothesis remains to be tested. We conclude that the statins exhibit actions independent of cholesterol lowering that appear to exert vasculoprotective and anti-inflammatory effects. Finally, cerivastatin is a vascular cell-permeable statin; however, whether that feature provides any clinical advantage remains to be seen. A vascular cell-impermeable statin was found to preserve interstitial plaque collagen content in a recent animal study, whereas a vascular cell-permeable statin reduced the number of VSMCs within plaques. 28 Clearly, additional investigations are necessary to establish any clinical relevance of our findings.
